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Cell Cnltqi r^ 

The inventiOT relates to a method fdr oulturing mammalian cells; a cell cuttme 
stJbstrate comprising a ceJI culture surfixse comprising a plasma polymer of an acid 
nioaoflaar and fibroblast feeder ceUs; and cultuw vessels and Iherapetriic vehicles 
oorngprisi^g 3aid substrate. 

The oulturing of oufcaryotio ceUs, for example mammaJlian cells, has become a 
routiiiB procedure and ceD culture oonditiom whi«*L allow cells to proKferate are well 
defined. TypicaUy, ceUcttlturcofmammaUancdlareqoires a sterile vessel, usually 
manofeotured from plastics, defined growth medium and. in son^e examples, 
fibroblast feeder ceUs and Bemm, typically calf senmn. The feeder cells fimction to 
provide nutogeiiric signals which stimulate cell proliferation and/or maintain ceUs in 
a» undififetentiated state, me feeder cells ate typically fibroblasts which have been 
15 treated such thai the fibroblasts cannot proliferate (e.g. mitomycin or irradiation 
treatment). Topically feeder fibroblasts are murine in origin (as in Rhemwald and 
Gree!a,l975). It would be advantageous if ceU culture conditions could be estabKshed 
Whicli did not require the addition of xenobiotic materials such as bovine serum or 
murine cells smce Ifaedr use iucteases the likelihood of infeotious agents (e-g. viruses 
and prions, in particular for bovine products, and murine viruses for mouse feeder 
cells) infecting mammalian cells gro'vvn in culture, With respect to feeder cells it 
would be advantageous also if autologous fibroblasts could be used as a feeder layer 
and that these could be growth arrested without tlie use of mitomycin C or inadiation 
treatmenL 



Tissue engineering is an emerging science which has implioations with respeot to 
many areas of clinical and cosmetic smgeiy. Mote particularly, tissue engineering 
relates to the replacement and/or restoration and/or repair of damaged and/or diseased 
tissues to return the tissue and/or oigan to a iunctional state. For example, and not by 
30 way of limitation, tissue engijxecring is useftd in the provision of skin grafts to i^air 
wounds occuiTing as a consequenoe of: contusions, or bmns. or feilura of tissue to 
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heal due to veaous or diabetic ulcets- Tissue engineering requires in vitro oultOTUug 
of replwement tissue followed by Burgioal ^pUcatioiL of flie tissue to a. woimd to be 
repaired. To increase tib.e likelihood that the in vitro graea?ated tiseiie is free fcom 
infeotioTia agents it would be desirable to reduce or avoid exposure of tissue to 
S xenobiotic agents whioh ma^ibe present in serum or xeaobiotic cells 

We have utilised '^plasma polymerisation" to fabricate cell culture vessels for the 
cnltuxe of mannzialian cells. 

10 Plasma polymerisation is a technique which allows an ultrarlhin ( eg ca.20QDm) cross 
Kjjjced polymeric fibn to be deposited on substrates of complex geometry and with 
controllable dhemical ftmotionality. As a conseqaeace, the snxfiace chemistry of 
materials can be modified, without affecting the bulk properties of the substrate $0 
treated. Plasmas or ionised gases are commonly excited by means of an electric field. 

15 They are higjily reactive chemical environmrats comprising ions, electcond» neutrala 
(radicals, metastables, ground and excited state species) and electromagnetic 
radiation. At reduced pressure, a regime may be achieved where the temperature of 
the electrons differs substantially fix>m that of the ions and neutrals- Such plasmas 
are referred to as *'cold" or '^on-equxlibrium" plasmas. In such an environment 

20 . many volatile organic compound^ (eg volatile alcohol containing compounds, 
volatile acid containing compounds, volatile amine oontaining corapoundSj or 
volatile hydrocarbons, neat or with other gases, eg Ar, have been shown to 
polymerise (ILK. Vasuda, Plasma Polymerisation, Academic Press, London 1985) 
coating both surfaces in contact with the plasma aad those dowastream of the 

25 discharge, the organic compound is often referred to as the "monomer". The 
deposit is often referred to as *^lasma polymer". The advantages of such a modo of 
polymerisation potentially include: ultra-tbin pin-hole fi-ee fihA deposition; plasma 
polymers can he deposited onto a wide raa^e of substrates; the process is solvent free 
and the plasma polymer is firee of contamination. Under conditions of low power^ 

30 plasma polymer films can be prepared which retain a substantial degree of the 
chemistry of the origitxal monomw. For example, plasma polymerised Gbm of acrylic 
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acid coQlain the carboxyl group. The low power regime may be achieved ^ther by 
lowering the continuous wave power^ or "by pulsing the power on and ojBE 

Co-polymerisation of one or more ootoponnds Ixaviog fimctioixall groups witlx a 
5 hydrocarbon allows a degree of control over surface functional group 
concentrations in the resultant plasma copolymet (PCP), Suitably, the monomers 
are ethylenlcally unsaturated. Thus the functional group compound maybe 
unsaturated carboxylic acid, alcohol or amine, for example, whilst the 
hydrocarbon is suitably an alkene. By plasma polymerisation, it is also possible 

10 to deposit ethylene oxide-type molecules (eg. tetraethyleneglycol monoallyl 
ether) to form 'non-fouling' sur&ces. It is also possible to deposit perfluoro- 
oompoimds (i:e. p^rfluorohexaQe, hexafluoropropylene oxide) to form 
hydxcphobic/superliydrophobic surfaces, This technique is advantageous because 
the surfaces have unique chemical and physical characteristics. Moreover, the 

15 surface wettability, adhesion and friotional/wear oharaoteristios of the substrate can 
be modified in a controllable and predictable manner. 

In WOOO/78928 we disclose a therapeutic vehicle which comprises a surface with 
high acid functionality which is obtainable by the method of plasma polymerisation. 

20 (Mgh acid iiJinotionalify describes tfie hi^ degi^e of carboxyl (acid) retention 
achieved from the monomer in plasma polymerisation; not the amount of acid in the 
surface). The vehicle treated in this way provides a structure which can support the 
attachment and proliferation of cells and importantly the detaohmoit of cells to 
invade and repair a wound bed. In curr^tly unpublished application GB0208930.8 

25 w© disclose a polynxerio substrate comprising a sur&ce with high acid functionality 
which is also obtainable by plasma polymerisation whioh has utility in the delivery of 
cells to a wound in need of rqpair. 

The present invention relates to a ceH culture vessel which is treated by plasma 
30 polymeoisation and surprisin^y has interesting pxoperiies with respect to cell tultme 
conditions required to maintain cells in culture in the absence of serum. The 
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invention also relates to a xnethod to culture cells on therapeutic vehicles which axe 
subsequently used in the repair of damaged tissue. 

Ajccoxdfaig to an aspect of the invention there is provided a method for the culttwe of 
y^amtTtftiian celLs comprising die steps of: 

i) providing a cell culture vessel comprising: 
a) manunalian cells; 

a cell Gulttue soppoA comprising a- substrate wherein said 
substrate compmes a cell cxilture sur^e wherdn said surface 
coroprisBS a polymer of an acid TOOXwrtxer and attached thereto, 
fibroblast feeder cells 
c) cell culture medium su£Sci^t to support the gcowlii of said 
tnaiMrtialian cells wherein said medium does not include 
serum; and 

ii) providing cell culture oonditions which promote the proliferation of 
said rnffr h'^g'^^g^'" cells. ' 

In a preferred method of the igavention said mammalian cells are humto. 

In a fiirther preferred method of the invention said mammalian cells are selected flrom 
the group consisting of: epidermal keratinocytes; dermal fibroblasts; adult ^fcin stem 
cells; embryonic stem cells; melanocytes, corneal fibroblastSa corneal epithelial cells, 
corneal stem cells; intestinal mucosa fibroblasts, intestinal mucosa keratinocyteSsOral 
mucosa fibioblasts,oral mucosa keratinocytes, urethral fibroblasts and epifhehal cells, 
bladder fibroblasts and epithelial cells, neuronal glial cells and neural cells^ 
hepatocyte stellate cells and epithelial cells. 

The invmtiion includes ofher combinations of cells "vt^iich in vivo act as support cells 
supplying a trophic signals to more specialised differentiated cells, A fui&ex example 
30 of this would be autologous cells^ e.g. fibroblasts or qpi&elial cells acting as a feeder 
layer to support the survival and expansion of cancer cells required for the diagnosis 
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or treatmeni of patieaafe-e,g.wheaa tumour cells are cultured with cells of the immune 
system under conditions desigoBd to induco a host immune response when cells (eg 
tumour infilltrating lymphoctes) are reintroduced to the patient 

5 In a prefeszod method of the iaventlon said matrnnaUan cells are kt^ratinocytes, 
preferably autologous keratinocytes. 

In a fuifher preferred method of fiie invention said vessel is selected from the group 
consisting of; a petri-dish; cell culture bottle or flask; nmltiwell plate. *'Vefis©F' is 
10 constmed as any means sxiitable to contain a mammalian cell culture. 

In a preferred method of the invention said stibstrate comprises a non-porous 
polymer. Preferably a solid-phase substrate, e.g. plasties, glass, contact lenses. 

15 Plasma coating of porous and fibrous materials, woven and non-woven materials, are 
also within the scope of the ixivention. (e.g. bandages, gauze, plaster casts), 

. Plastics used in the manufacture of cell culture vessel products include polyethylene 
t^epl>.thalate3 hi^ dejoeity polyothylotte, low drasify polyethylene, polyvinyl 
20 chloride, polypropylene or polystyrene. 

In a prefeiTed method of the invention said cell culture sur&ce comprises a polymer 
conprising an acid content of at least 2%. Preferably said acid content is 2-'20%. 
Alt^nttaiively ^edd acid content is greater than 20% . The percentages refer to the 
25 percent of carbon atoms in this type of environment. For example 20% acid means 
fiiat 20 of evegty one hundred catbons in the plasma polymer is in an aoid type 
environment The acid content of a cell culture surface is determined by methods 
hfirdn disclosed and are knowa ixk the art, For sKample, p^cent acid maybe 
measured by 3i;-Tay photoelectron spectroscopy. 



30 
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Poljrmerizable monomers that may be used in the practice of the invention preferably 
comprise imsahurated organic compounds 3wh as h&logeiXfited ole£i^, olejQx^o 
carboxyllo adds and oarboxylates, otefinic nitrile conqsounds, olefinic amines, 
oxygenated oIe£b38 and olefinic hydrocarbonsr Such olefins include viaylio ^ 

5 allylio forms. The monomer need not be olefinic, however, to bo polymetifcable. 
Cyclic compounds such as oyclohexano, cyolopentane and cyclopropane are 
commonly polymerizable in gas plasmas by glow discharge methods. Derivatives of 
these cyclic compounds^ such as I, 2- dianu^WKiyclobejcane for instance, are also 
commonly polymenzable in gas plasmas. Particularly preferred are polymerizable 

10 monomers containing bydroxyl, amino or oarboxylic acid groves. Of ttiese^ 
pactioularly advantageous results have been obtained tfarou^ use of allylaxnino or 
acrylic add. Mixtures of polymerisable monomers may be used. Additionally, 
polymerisable monomers may be blended with other gases not gOTerally considered 
as polymerisable in themselves, examples beisag axgon, mtrogen and hydrogesn. The 

15 polymerisable monomers axe preferably introduced into the vacuum chamber in the 
fonn of a vapour. Polymerisable monomers having vapour pressures less than 1.3 x 
lO^^bar are not generally suitable for use in the practice of this invention. 

Polymerisable monomers having vapour pressures of at least 6.6 xlO^mbar at 
20 ambient room temperature axe preferred. Where monomer graiJting to plasma 
polymerisate deposits is employed, polymerisable monomers having vapor pressraes 
of at least 1 .3 mbar at ambieat conditions are particularly prefenred. 

To maintain desired pressure levels, especially Since monomer is being consumed in 
25 the plasma polymerisations operation, continuous inflow of monomer vapor to the 
plasma some is noraially practiced. When non-polymerisable gases are blended with 
the monomer vapour, continuous removal of excess gases is accomplished by 
simultaneously pumping throu^ the vacuum port to a vacuum source. Since some 
non-ipolymerisablo gases are often evolved &om glow discharge gas plasmas^ it is 
30 advantageous to OOntrol gas plasma pressure at least in part Ihrough simultaneoua 
vacuimx puxixping during plasma polymerisate d^sltion on a substrate in the process 
of this invention. 
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Othsc GK3anpl&s include, fully saturated aad uosatuzated caiboxyUc acid cozqpouxids 
up to 20 carbon atoms. More typically 2-8 carbons. EQr^^cally unsaturated 
cotxipoimdfl (especially a3 unsaturated carboxylic acids) mcluding actylic acid, 
5 metbacxylic acid. Saturated inoluditig ethanoio acid and piopanoio aind. 
Compounds ttiat can be plasma polymerised that readily hydrolyse to give carboxylic 
acid functionalities, e,g, organic anhydrides (e.g. tnaldo anhydride) acyl chlorides, 

Ih a flirther prefeired method of the toyention said polymer comprises an achylic acid 
10 monomer with at least 2% acid content Preferably said acid content i$ between 2% 
and 10%. Preferably said acid content is about 4-5% (e.g. 4.5%) 

In a further prefeired method of the iavetition said polymer comprises an acid co- 
polymer. The copolymer is prepared, by the plasma polymerisation of an organic 
15 carboxylic acid (or anhydride) 'with, a saturated (alkane) or unsaturated (alkene^ diejie 
or alkyne) hydrocarbon. The hydrocarbon would be of up to 20 carbons (but more 
usually of 4- 8)- Examples of alkattes are butane, pentane and hexane. Examples Of 
alkcnea are butene and petrfsne. An example of a diene is 1-7 octadieae-. The 
comonomer may also be aromatxo-contaimng styrene. ' 

20 

Co«plasma polyznerisation may be earned out using any ratio of acid : hydiocaibon, 
but will be typically using an add: hydrocarbon ratio between ihe Ifanits of 
lOO(add):0(hydrocarbon) to 20 (acid):80 (hydrocarbon) and any ratio between these 
limits. 

25 

Pla$ma polymerised amines are also within tbe scope of the invention^ for example, 
fully saturated primary^ secondary or tertiary amines (e.g. butyl amine, propyl amine, 
heptylamine) or unsatutaled e,g, allyl amine, which are at least 20 carbons but more 
typically 4-8 carbons. Anunes could be co-polymerised with hydrocarbons as 
30 above. 
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The glov dischaxge throu^ the gas or blend of gases in the vacuum ohamber may be 
uMliated by means of an audioftequraKSy, a miorowave ftequeaicy ox a radiofiequency 
field Ijransmtted to or through a zone in flic vacuum Particularly preferred 

is the use of a radiofiecpiency (RF) dischaige. transolitted through a q>atial zone in 

5 the vaottinn chamber by an electrode connected to an RP signal generator. A rather 
broad range of KF signal frequencies starting as low as 50 KHz may be wed in 
causing and maintsdning a ^cw discharge throng the. monomer vzpar. In 
coramereial scale usage of RF plasma polymerisation, an assigned radiofiequency of 
13.56 MHz may be more prefisrable to nse to avoid potential radio interference 

10 problems as with examples given lat^. 

The glow discharge need not be oontinuoufl, but may be intemiittcnt in nature during 
plasma polymerisate deposition. Or, a continuous glow discharge maybe employed, 
but exposure of a substrate surface to the gas pJaSma may be intermittent during file 

15 oYoraU polymerisate deposition process. Or, botii a contittuous glow dischai^ and a 
continuous exposure of a substrate smface to the resulting gas plasma for a desired 
overall deposition time may be employed The plasma polymerisate lhat deposits 
onto the substrate generally will not havc the same elemental composition as the 
incoming polymeiisable monomer (or monomers). During the plasma 

20 polymerisaUon, some fiagtnentadon and loss of specific elements or elemental 
groups naturally occurs. Thus, in the plasma polymerisation of allylamine, nitrogea 
content of the plasma polymedsata is typically lower than would cotrespond to pure 
polyallylamine. Similarly, in the plasma polymerisation of acrylic acid, carboxyl 
content of the plasma polymerisate is typically lower than would conrespond to pure 

23 polyaratylic add- Eaqposuie time to either of these uareacted monomere in the 
absence of a gas plasina, as flnough intermittent exposure to a glow discharge, allows 
fbr grafting of the monomer to Qis plaama polymerisate, thereby increasing somewhat 
the level of laje fimctioaaal group (amine or caiboxylic acid) hi the final dqposit Time 
intervals between plasma eotposure and grafting exposure can be varied from a 

30 fraction of a second to several minutes. 
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In a &r(hB(r prefexred method of the inventioia said fibroblast feeder cells are non* 
proliferative. 

In a furfher profetffed metibiod of the inveation feeder cells are rendered noix- 
5 proliferative by a meftiod which avoids tlie use of mitomyain C or iiradiation by 
lowering fh© calcium of tiie medium. For example caloiuxn levels cotild be provided 
virhich enable the grow of maxmnaJian cells in oo-oultuxe but inhibit or prevent the 
growth offender cells. Typically, calcium levels cOxUid be reduced to aboutone-tenth. 
physiological levels. 



In a further preferred method of the invention $aid feodea: ceUs are hunaan fibroblasts, 
preferably huroati dermal fibroblasts^ A further source of feeder celk are oral 
fibroblasts. 

15 According to a fitrfher aspect of the invention thedre is provided a cell culture vessel 
oon^risiag; a cell culture support comprising a substrate wherein said substrate 
comprises a cell culture surface whereia said sm&ce comprises a polym^ of an acid 
monomer and attaobed thereto, non-proliferative fibroblast &ed^ cells. 

20 In a prefeinied embodiment of the invention said vessel fiitther comprises mammalian 
cells and cell culture medium wherein said medium does not iticlude serum. 

Jn a preferred embodiment of the invention said mammalian cells are selected £rom 
the group consisting of; keratinocyte; fibroblast; adult skin stem cell; embryonic stem 
25 cell; melanocyte. 

1x1 a preferred embodiment of the invention said mammaliaa cells are keratinooytes, 
preferably autologous k^^aiinocytes. 

30 According to a further aspect of the invention there is provided a txxethod to treat a 
cell cultxire vessel comprising the steps of: 
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i) proYi<i»g at least one acid raojiomer souxce in a gas feeds 

ii) creating a plasma of said acid monomsr; and 

iii) bringing into contact a cell culture vessel -with said plasma monomer to 
provide a cell cultute vessel comprising an acid polymer, 

5 ' 

In a prefexred method of the invention said aoid monomer source comprises 30-99% 
acid monomer. Preferably said acid monomer source consists of a 100% acid 
monomer soutoe. Preferably said metiiod consista of a 100% acrylic acid sOUtce. 

10 According to a fuxth^ aspect of the invention there is provided a method to treat a 
qell culture vessel comprising flxe steps of; 

i) providing a selected ratio of an acid containing monomer and a hydrocarbon 
in a gas feed; 

ii) creating a plasma of said mixture; 
15 iii) bringing into contact a cell culture vessel with said plasma mixture to ptovide 

a cell culture surfece comprising an acid co-polymer* 

To, a preferred method of Ite invention said plasma is created by means of electrical 
power input (radio frequency 13.56MHzX cOT^led by means of a copper coil or 
20 bands. 

The reactor volume is in fbe range 2- 10 L and the reactor is pumped by means of a 
double stage rotary pun?) to a base pressure a5)proacliing 10"*mba*'- In the case of 
replacing the rotary punqp with a turbomclecular pump better base pressures can be 
25 achieved. The monomer pressure is in the range 10"^ mbar to 10"^ mbar and the 
monomer flow rate is 1-10 cm V min. The power would be typicaUy 0.5 -SOW 
continuous wave. Those skilled in tih^ ait may adjust these parameters to produce 
like plasmas by pulsing on the micro or miUi secod time scales, 

30 According to a yet further aspect of the invention there is provided a method to 
ctilture mammalian cells on atitierapeutic vehicle cranprising the steps ofi 
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i) pioyiding a preparation coooinising; 

a) mammalian cdl^ 

b) a thCTapeutic vdhicle wherein $aid veMole comprises a substrate whicb 
comprises a snr&ce wherdn said surfeoe comprises a polymer of an acid 

5 monomer and attached fhereto, fibroblast feeder celU; 

c) cell eultwre medium sufficient to support tJie growth of said 
maanmalian cells wherein said medimn does not include serum; and 

ii) providing cell culture conditions which promote the ptoliferetion of said 
mammalian cells on said ^erapeutic vehicle. 

10 

In a preferred method of the invention said mammalian cells are human. 

in a further prefetxed method of tlie inventioti said mammalian cells arc selected from 
the group consisting of: epidermal Iceratinocytes; dermal fibroblasts; adult skin stem 
15 cells; anbryonic stem cells; melanocytes, corneal fibroblasts^ corneal epithelial cells, 
corneal stem cells; intestinal mucosa fibroblasts, intestinal muxjosa keratinocytes,or?il 
mucosa jSbroblasts,oral mucosa keratinocytes, urethral fibroblasts and epithelial cells, 
bladder fibroblasts and epithelial cells, neuronal glial cells and neural cells, 
hepatocyte stellate cells and epithefial cells. 

20 

Presferabaly said mammalian cells are autologous, preferably autologous 
kraratinooytes. . . 

In a further preferred me&pd of the invention aaid fibroblast feeder cells are human. 

25 

In a flrraaer prefejored method of the invention said fibroblast feeder cells are human 
dermal, fibroblasts or human oral fibroblasts. Preferably said feeder cells ate 
autologous. 
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Itt a fiirttxer prefeicxed mcfhod of the invention said therapentio v^cle is selected 
froni the group consisting ofi prothesisi implant; matrix; stent; biodegrad^ible niatrix; 
OTpol3nDiieacfilax. 

5 Tbs direct cailturing of manim<Oljiaii cells on a therapeutic vehicle under conditions 
heceiiidisclosed lias obvious bCTB&lts in tissue oKigmeering siixcd the &t>iic&tioo of the 
sutface of said vehicle allows bo-fli cultuiing, implantdtioji and transfear of cells to a 
woimd to be repaired with ease. iPlasma polymerisation conditions disclosed herein 
for the treatment of cell culture vessels are equally appUoable to the treatoaent of the 
10 surfaces of thearapeudc vehicles. , 

An embodiment of the invention will now be desoribed by example only and with 
reference to the following tables and jBigines: 

15 Table 1 is fl. summary of XPS results for plasma polymers made firom aciylic acid and 
octadiene at lOWi 

Table 2 is a summaiy of XPS results for plasma polymers made from allyl anrin© at 
lOW; 

20 

Figure 1 illustrate$ peaJc fitted C Is core level of plasma polymerised acrylic aciid 
fabricated at lOW. A - C-C/ C-H. B = COOEMEL C = C«0. D ^COOtUR. E=C- 
COOH/R; 

25 Figure 2 illufitrates advancing and receding contact angle measmrements on a piure 
acrylic acid sorfeoe febrfcated at lOW following $ubmacgence in water for 0, 1 and 
24 hours; 

Figure 3 illustrates prolifetatton of human dermal fibroblasts on plasma polymer 
SO sur&ces after 3 and 7 days of culture. Results shown are the means +/- standard 
deviation of the mean of tcipUcate cells; 

12 
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Hgure 4 iliustrates the appearance of fibroblasts cultured on 100% acrylic acid 
plasEoa polymerised surfeo© for 3 days with (A) and without (B) senun, 10% foetal 
cdlf serum (PCS); 

5 

Hgure 5 illuBtr«e$ the attaohmeat of k^jratinooytes aftear 24 hours (A, B) and six flays 
(C, D) to surfeces as shown by MTT-ESTA assay (A, C) and DNA assay (B, D). All 
cells were fl-cshly isolated (seeded at 3.8 xlO^ ooHs^kxjJQ. Rjasnlts shown are the means 
4y- standard deviation of triplicate Weils of oells; 

10 

Figure 6 illustrates the ejBEbct of serum on the co-culture of keratinocytes on a 
fibroblast feeder layer on a pure 10 W acrylic acid surface at day 3, picture A with 
seruEQ and picture B without; 

15 Kgure 7 illiistr$te$ the influence of a fibroblast feeder Layer on keratinocyte culture 
on a low acrylic acid surface in the ahsenoe of seram. Cells are cultured without 
serum in the ib.eeoace (A) or presence (IS) of a fibroblast feeder layer for $even days. 
Axrow X shows a typical differentiated cell and Y points to ,a region of golden 
unattached cells; in B a healthy co?j£luent sheet of cells has formed with well- 

20 defined boundaries Z, in the presence of a fe^e;r layer. 

Figure 8 illustrates the effect of aorum and irradiated fibroblasts on the proliferation 
of keratinocytes on 10 W pure aciylic acid. Cells are cultured on surfaces alone and in 
co-oultoe for seven days. (A) shows MTT-ESTA values and (B) DNA values. 
2S Values shown are means +/- standard deviation of n=3 tdplicate wells. Values 
differing signifioantly fnom each otibter are indicated by * p O.05, ** p < 0.01 and 
*** p <0.005; and 

Figure 9 is a DNA assay illusttaling the effect of serum on Ike proliferation of both 
30 keratimcytes and irradialed fibroblasts, separately and in co-eutture at day 4 (Graph 
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A) and day 6 (Graph B). Values shown are meaias +A standard deviation of n=6 
tripUcwte wells. Values difiaring eigpiifioaiitly ftom each oOier axe indicated by * P 
<0.05. p < 0.01 and *** p <s0.005. 



S Materials an d Meflioda 
plasma co-f T5?yY]ff^^^°^ 

ActyUo add 0>99%). QCta-l,7-diene (>99%) and allyl amine (>99%) were o-btaJned 

10 from Aldrioh Chemical Cki (UK). They were Used as received foUowing sevearal 
freeze-pump/liiaw cycles. Polymerisation was carried out in a cylindrical reabtor, 
connected to a vacuum and liquid nitrogen pxanp. The plasnaa was sustained by a 
• radio-j&eqneocy signaJ generator (13.56 MHz) and amplifier inductively coupled via 
an impedance matching raoit and an exteroally wound copper coiL Monomers were 

15 eiflicr polymerised or co-polymerised at a plasma power of 2W or lOW at a. total flow 
rate of 2.0cm* (^j min-^ A matching network. ensured that power loss was minimal, 
the fiMwaiti power was kept to a maximum and the reflected power was reduced to 
the lowest possible level. Monomer flow rate was calculated by converting the 
pressure change measured in tt»e plasma reactor using a method described by Yasuda, 

2b which assnmes ideal gas behavioiur [12]. The pressure in the reactor was typically 
SxlO'^ar during polymerisation. Plasma polymers were deposited onto clean 
ahimimnm firil coated ^ass cover slips for XPS analysis; on to clean glass slides for 
contaot angle measTiTCTimta and on to tissue culture well plates CTCPS) for ceU 
cnltuxe work. Substrates were placed in an identical position m the reactor for each 

25 ejqperiment to avoid any variations in plasma depoation through the reactor. 

A deposition time of twenty minutes was suffioien* to deposit a plasma coating with 

sufficient thickness to mask any substrate signal fi?om the XPS spectrum, hx addition, 

me monomer mixtures wot allowed to flow for a Bax&sx 15 minutes after the plasma 

had been turned off. This helped to minimise the uptake of atmospheric oxygen by 

30 the coatings T^ion cxposwe to the atmosphere [9]. In addition, the flow rate was 

checked at the csnd of the ©j^jeriment to check that no leaks had ocouiied during 

plasma polymerisation. 
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Y-rii Y PliotnelectroB Spectroscopy rapgi Analysis 

Th6 coating deposited OiX the alumlmum Ml vas analysed using X-ray photoeleotron 
S spectroscopy (XPS) 30 day after plajsroa polymerisation to allow for reported ageing 
of tiie samples, most notably in allyi amme and ootadleiie plasma coated substrates 
[13]* XPS -w^as perfomied using a VG CLAM 2 spectrometer with Mg Ka X-ray 
source operating &t a power of lOOW- The spectrometer was calibrated using the Au 
4f 7/2 peak position at 84.00 eV and tlie separation between the C la and F Is peak 
10 positioix^ in a sample of PTFB xneasmcd at 397.2 eV, which compares well with, the 
value of 397.l9eV reported by Beamson and Bxiggs [14], Spectra were acquired 
using a fixed take Off angle of 30° with respect to the sainple surface u^ing Spectra 
6.0 software (jLUnWiti Software, Cheshire, UK). A wide scan (0-llOOeV) and 
naimw scans of each .sample were 3cquired. Wide scans were used to obtain the . 
15 surface oxygen/ carbon (O/C) ratio and the naxrow scans u&ed to obtam mibxmation 
on the carbon, oxygen and nitrogen binding enviiTorun^ts. For the collection of 
spectra for the wide and narrow scaJti, the analyser pass energies used were SO aixd 
20eV respectively- 

20 ESCA300 (Scienta Sojftwaxe) was used to obtain the peak fits of the Cls core level 
spectra, Gaussiaxi-Lorenzian (G/L) peaks of jnix O.S-0,9 were fitted to the C Is core 
level spectrum using well-estabUshed phemical shifts [1 5]. In the peak fitting, the ftill 
width half maxiramxis (FWHM) of the peaks were kept equal and in the range of 1 3S 
to 1.67. A hydrocarbon peak was set to 2S5eV to correct for any 3aijflplB charging. 

25 Sample charge was in the region of 4-5eV, 



30 Contact angle measurements 
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Plasma polymer filXAS wore also deposited onto glass covers slips in oxder to oxaniine 
the wettabiHty of Ihe sorfece* aad their staUility to dissolution by using contact aiigle 
meastttemeDts. Contact angle measuiwaents are firequently used to monitor the 
change in the concentration of polar and »dflii»olar gro^a at tfce outcnnost 0^- 

5 1.0mm of the aurfece. A K^Hart g6nioraeter (model 100-00(220)) from Bwge 
Eqtiipment, XJK was enSployed. M conta«st angle recordings were earned out as 
described in fiill by this laboratory previously [16] ^ m aooordanoe wMi oribaria 
laid out by Andrade [17]. Contact angle moasui«ncnt6 wete taken in both advancing 
and xeceding modes by adding and removing 4}il increments of distSlled water, up to 

10 and including 20 ^1. Advandng angles are representative of the low-energy part of 
the surface and receding angles are more characteristic of the higb-energy part At 
least 3 measurements were takoi fbr each sample surface. 



Celt cTiltttre 
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Human dermal fibroblasts were obtained from the dennal layer of the skin after 
ttypsinisatlon of a spllt-thicJoxess akin graft, ■vvhioh was taken fiwxn spedmens 
following routine surgery procedures (breast reduction and abdominoplasty), 
fbllowing washing in PBS and dien minced finety with a scalpel and placed in 0.5% 
50 collagenase. Following oentrifugation of tbe ooUag^iase digest and elimination of 
the supamataat. the ceUs were resuspended in lOmls of fibroblast culture medium 
(FCM) in a T25 Flask. The flask is maintained at 3r C in a 5% COz atmosphere. 

Every SOOtnl of FCM consists of 438.75tnla of Dulbecco's. Modified Eagle's medium 
25 (DMEM), 50 mis of Foetal Calf Serum (PCS), 5 mis of l-^lutainrine, 5 mis of 
Pemoillin/Steptomycin (10,000 U/ml and I0»000ug/ml respectively), 1,25to1s of 
Fungizone. FCM without PCS contains an additional SOmU DMEM to compensate. 
Fibroblast cells were passaged when 90-100% confluent and used betweai passage 
numbers 5 and 9. While comparing the attatAment of fibroblasts to 2W and lOW 
30 with and without FCS, the same flask and passage number of cells was employed. 
Passaging of titie fibroblasts was achieved TJsing l.Sml of a 1:1 mixture of 0.1% 
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trypsin tod 0.02% EDTA per T25 flB&k, The cells required for the lOW ejqperibcxient 
were frozen at the beginning of the 2W round of experiments in a cryovial to -80^ 
in a Iml solution oontaixjiitig 0.9 ml of DMHM and O.lml of DMSO, a cayoptotectant 
Hintwn epidermal keratinocytes (obtained firom breast reductions and 
5 abdominopl^Bties) were freshly isolated from the dennal/epidMtnal junction. Cells 
were cultured in C3Teen*s media^ ^nliich included cholera toxin (0,1 nM), 
hydrocortisone (0.4 \Am'\ ^QF (lOngm"*), adctjJtoe (1-8 x 10"^, tri-iodo-L-^ 
thyronine (2 xlO"^ M), fungizone (0.625 ng* inr^)> peniolllin (1000 lU ml'^), 
streptomycin (lOOOfig ml"^) and 10% foetal calf seximi. Cells were cultured at 37°C in 
10 a 5% CO2 atmosphere. Collagen coated TCPS well plates were prepared by air- 
drying a solution of collagen I (32 ixg cm"^) in O.IM acetic acid (200ug mi in a 
laminar flow cabinet oveocnight. 

Assessment of cell attachment, viability and proliferatioii 

15 

For investigation of human dermal fibroblast alttachment and viability, ceUs were 
seeded at a density of 7.0 x 10^ cells xoT^ into 24 sepafate well plates .(l*$ani 
diameter). Human epidennal Iceratinocytes were seeded at a density of 3.8x10 
ceUs/ttlL Go-oixlture expernnents used a keratinocyto seeding density of 1.5?clO^ 

20 cells/ml with irradiated dermal fibroblasts at 2 xlO* cells/ml, irradiated for 4780 
seconds using a Caesium 137 sealed soutce. The plates wexe plasma polymerised 
aqpart ftom the positive control of TCPS, Th© attachment and viabiUty of the 
fibroblasts at three and seven days were assessed using an MTT-ESTA assay. This 
assay mdicates viable ceils and provides an itidirect reflection of cell number^ in that 

25 the cellular de-hydrogenase activity, which converts tihie MTT substrate to a. coloured 
ibrmazan product, normally relates to cell number- Cells were washed with 1ml of 
PBS solution and then incubated with 0.5 mg ml"^ of MTT m PBS for 40 minutes. 
300|.tl of acidified Isopropanol was then used to elute die stain. 150^1 was then 
transffettred to a 96 well plate. The optical density was read using a. plate reader set at 

30 a wavelength of 540nm with a pzotdb. reference of 6S0zmi subtracted. £q addition, tbe 
appearance of the cells was assessed and recorded at three and six or seyexL days. 



17 



"2?. AUG. 2002 8:2B HARRISON GODDARD NO. 769 P. 21 

C, 

The DNA contepLt of liio cells (which reflects ceU number but not necessarily 
viability) waS calcuJated at Ihe same limB period* \ising a Hoechst fliwtescetit stain 
(33258 Sigma Caiemioala). CeUs were moabated in 1ml of digestion buffer for 1 

5 hour. Uris bu«br consisted of 48g urea, which breaks up Uie cells and 0.04g of 
Sodium Dodeoyl Suifete (SDS), vtooh protects the cells fiom DNAase. pw lOOml of 
saline sodiwn citrate (SSC). Following digestion, cells were stained uang the 
Hoeohst fltioiesoeot stain, in an SSC b«fifer at lugtol. A fluorimeter wa4 used to 
measure the fluoresoenoe using eotcitafion and emission wavelengfiis of 35S and 

10 460nni respectively. A stasidaid curve of knovro DNA oonoeotratioM was used to 
calculate the DNA conttsnt. For all expexiniecital data preaanted, cells cultured an 
theiir own or in co-oultuto for six or seven days had a ficesh change of media at d^ 
three. 

15 Statistics 

Tbfi significance of an irradiated fibroblast feeder laytsr in improving kexatinooyte 
proliferation with and without serum was analysed using a statistical two-tailed 
Student t test where valnea of p<0^05 were coftsidaced as statistically sigmficanl 
20 , 

EXAMPLE 1 

C!haraeter>«ftfifln of nla Bma en-pnlvniera. 

Fow plasma oo-polymer smfeces were prepared from aciyUc acid and oct-l,7-dicne 
and one from allyl amine at both 2W and lOW powears. Plasma polymers are defined 
the % acrylic acid in the monomer flow. The hydrocarbon diluent, octa-l,7-dicn©, 
aMowed control of the resulting fimotional group oonc«itration by promoting ctOSS- 
30 linking of the acrylic acid monomer. XPS analyses of all plasma polymer surfeoes 
deposited onto altsniinium foil from' aoiylic acid and oot-l,7"diene revealed only 
carbon and oxygen. As expected, the O/C ratios increased as «ie molar fiactian of 
acrylic acid fiom. the monomra: was moreased. Plasma polymers containing octa-1,7- 
dieae inevitably incoipoxated oxygen into the filin upon ejqjosure to the atmosphere 
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prior to 3a?S amalysi*. XPS ^de scans of plasma polymerised ^Uyl amine surfaces 
revealed carbon, nitrogen and Qxygen in the d^osits. It is reasonable to assame 
incoxporatioix of oxygen ftom the almosphore may have occurred along with oxygen 
fiom ttxe plasma. In addition, water is thought to dcsotb ftom the lining of the vessel 
5 walls wifliin the reactor [9]. 

Hie Cls spectra wepre peak fitted tiisiiig a range of oxygra oontaining ftnctionalities 
[14]. For acxylic acid polymerisalipns, alcohol/eth&f (C-OH/R) groups were fitted at 
+1.5 eV, relative to the hydrocarbon peak (C-C/H), carbonyl (OO) at +3.0 eV, 

10 carboxjd/carboxylate (COOH/R) at +4.0 ©V and finally a p-shifted ca3?bon> relative to 
flie hydrooarbon at +0-7 eV. For octadiene, COOH/^ and a p-shifl were aot fitted. In 
the pea3c fit, the etfeer funotdonality is coimted twice since two oarbon atoms 
experience the same shift brought about by one shared oxygen atom. While XPS 
cannot distinguish between ester and carboxylio acid groups, Alexander and Due 

15 employed tri-fluoio ethanol (TFE) to label acids in plasma-polymerised acrylic acids 
and have shown that at similar power/flow ratios to those employed in this study, 
fi^proximately 30% of the carboxylate peak can be assigned to acid [18], O'Toole et 
al concluded using grazing angle DRL spectroscopy that lOW fabricated acrylic acid 
samples contained a greater proportion of ester rather than acid groups. Conversely, 

20 at low powers (<:5"W0. th^ entire COOH/R may be assigned to the carboxylic acid 
functional group [19]. Based upon these stumJies, we acknowledge that not all of the 
COOH/R gioup will be acid- The ooxtelation between the proportion of acrylic acid 
in the monomer feed and the resijlting concentration of carboxyiate groups in the 
plasma polyfia« is shown bx Table 1 fox lOW surfaces. A tjarrow scan spectra for a 

25 pure aciylio acid plasma polymer fabricated at 1 OW is mustrated in Figure 1 . No data 
is provided for 2W polymerisations. 

Cls core level fits for allyl amine were peak fitted for nitrogen-containing 
fimctionaUties using chemical shiift values reported firom the lit^ture [14, 20], The 
30 XPS data were quantified and are shown in Table 2. Functionalities fitted were imine 
(0=Nr) at 0.9eV, amine (C-NR2) at L7aV and amid© (GNO) at 3.0 eV. However, the 
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nature of tito amine (prinaaiy^ Becondaw or teatiaiy) is unknown. Bxrora arising from 
peak £ttins a^d in the measurement of peak areas used to detennine surfeoe 
eleraejital conoentiations are generally condderedto be -t-A5% 114]. In the calculation 
of both flie 0/C and N/C xatlo torn the peak fit. ihe total number of carbons bond^ 
5 to either flieox3^ Of nftrogeji was divided by 100 carbon a.tomB to y^^ 

O/CandN/CratioB. 

EXAMPLE 2 

10 Rtahi'litY of anrfaises 

Advancing and receding contact angle measurBinents were recorded on all 2W and 
low plasma polymerised gjaas slides following immersion in water 0, 1, and 24 
hours at 37'='C in a 5% CO2 atmosphere. The relative hydrophobic/ hydrophiKo nature 

15 of each film was noted wifli the addition and removal of 4{il increments of distilled 
water. Witti the 2W plasma polymraised surfaees there was considerable variation itt 
the contact angle measumnents - oftea the surfaces would visibly detach fiom the 
cover slip following immersion in water and these were fherefiare ansuitable for 
cell culture purposes (data not shown). lo contrast the lOW sin-feces were very stable 

20 to immiwrsion in water for 24 hours as illustrated in Figure 2. The most hydrophoWo 
low surfeoe was the pure hydrocarbon octadiene (89*) and the most hydxophiUc was 
the pure acryhc acid surface (46*^. Figure 2 shows an example of a pure acrylic acid 
• low surface stable to dissolution over 24 hours. The otber lOW surfaces shared a 
similar stability to dissolution. From these results the decision was made to continue 

25 work With. 1 OW reOier than 2W suxfeces. 

EXAMFLB3 

Fibroblast cnltiirif tn V}"*^ en-TMlvmers 

30 

The attachment, and ptoMferalion of huraan deamal fibroblasts on lOW plasxna 
sor&oes was ejcamtaed using MTT and DNA assays at three and seven days culturing 
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cells with and without Poetal Calf Serum (PCS) (See Figure 3). Photographs were 
also taken to record the morphology of flto cells OPigure 4). Similar rerolts were 
ohtained whether cell behavioiir was assessed by DNA ass^ or MTT assay for ceU 
viability. At three days seven days cells perfoxmed poorly on the 100% 
S ootadieitie sur&ce but well on all other surfaces whether tissue culture plastic or 
snr&oes cocttainmg 30, 60 or 100% acr^c add or allyl amine. Cells clearly 
performed better in the presence of serum than in its ahsence and this was much mote 
evident by day S9ven (considerable ceU prolifbratioa would have tak^ place by day 
seven but lelatLvely little at day thrse). This is also evidesat hi the ^pearance of the 
10 fibicblastB seen in Figure 4, where on 100% aciylic acid at three days cells in the 
presesnce of Bepmi were well organised and in greater number (Figure 4A), but m the 
absence of searum cells were clearly fewer in nxnnber with relatively abnormal 
cytoskeletal arrangement (iFigare 4B) compared to fibroblasts in the presence of 
serum. 

15 

EXAMPLE 4 

Kerattnoevte culture on plasma co-polviner»* 

20 

la assessing keratinocyte pesfoxmance oti these suifaoes^ two internal controls were 
used, tissue culture plastic (TCPS) and collagen 1 which kearatinocytes attach to 
readily. Freshly isolated k^grati^iotytes were seeded at 3,8 x 10^ cells/ml on all 
srafaccs in 24 well plates, Keratinocytes were cultured in standard Green's media in 
25 . the presence and absejace of foetal calf se«m. Keratinocytes cultured without FCS in 
the medium had attached well after 24 hours (Figure 5 A, B) but were less able to 
proliferate iin the absence of sertan as was evident by six days (Figure 5 D). Here 
m contrast to the fibroblasts, which attached and proliferated equally well on all 
surfaces^ the percentage of acrylic acid in the monom^ feed had a ^ignifioant ef£bct 
30 on the level of karatinocyte attachment irrespective of whether this was assessed by 
MTT or DNA assay. A,gain> geneFaUy tihe le^vel of cell attachment tod prolifemtion 
as estimated by the MTT-ESTA assay, by day six mhrored that shown for the DNA 
assay (Figure 5). On the pore acrylic acid suifisice containing ^,2% C(X>EC/R, the 
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level of kecatiJiooyte prolaferation in sejnm oonttdning media -was greatest and 
comparable to that measured on coUagea I (Figure 5 C. D). Tbrau^iit aU 
• BBcperimentB the cells pearfonned poorly on the 100% octadiene surfeoe. 

n^BBimr y ftf Imman dermal fibrobln stg md epidfewmfll 1cera<i^ocYte» on 100% 
iLgrvKc asSA ffnrfflcc fa!iri ca.tad at lOW 

Tlie flutfece selected for co-culture of both ceUs was Ihe 100% araylic acid sntfec© as 

10 this provided the be$t surfeoe for attachment wad pioliferarion fcr the keratiiiooyles 
and as fibioblasta also pertbimed well m diis auifice (aa they did on surfeces 
fabricated using lower pearccnitagea of acrylio add in the mononaer flow). This lOW 
surface was ^m. chosen to investigate oo-culture conditions fer these two cell types 
exploring culture of Iceratinocytes in the preseooe and absence of foetal caflf serum. 

15 As a substitute for foetal calf senith iiradiated fibroblasts were used. The inadiated 
jgbroblasts were initially seeded at 2 xlO'' ceUs/ml for 24 hours in DMEM in the 
presence of serum. Thereafter, for any co-culture investigation, the media was 
removed and replaced with keraimooytes seeded at 1.5 xlO^ celWml eiiher with or 
without serum. Keratinocytes (with and without, serum in 13ie media) and irradiated 

20 fibroblasts were also cultured on their own for comparative purposes. A positive 
control of Collagen I was employed throughont. By three days, the keratinocytes had 
fc«med colonies well in the presence of an irradiated dermal feeder layer both with 
and without senro in the Green's media (Figure 6). However, by day seven, 
kfflcatinocytes cultured without irradiated fibroblasts under seavm fi:ee conditions had 

25 started to detach fi'om the surface (Figure 7A). In contrast, cells in senun-fi-ee media 
in the presence of an irradiated fibroblasts (Figure 7B) had formed a confluent 
heaWby sheet of keratinocytes and were starthig to fonn multilayears. 

Quantitative data on the ccautribution of the fibroblast feeder layej: under serom fires 
30 conditicms is shown iba expeaimonts summatiaed in Figores 8 and 9. The MTT-ESTA 
and DNA dala. in figure 8 illustrates the improved. pMfoimanoo of the keratinooytea 
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both in terns of attachment arid pioBfistation isx the preseope of an inadiated 
jgtroblast feeder layer wider seronx firee co-oulture oondltiojis after sevea days of co- 
culture. Co-owltiwe of obUb was also explored ia a commercially available defined 
media (Gibco defined media), which haa been designfid to optimise the proJjftaratioa 
of keradnocytes. As can be seeo, hoth MTT and UNA values clearly indicate that in 
tiiB absence of serum there is condderabl© synagy between Uie inadiated fibroblasts 
(which contribute negUgible DNA themselves) and the kejratinooytes (which on their 
own do badly in the abswce of serum). Co-colture of ceUs in Gibco madlmn (no 
semmT) also did "vesy well compared to cells in sennn containing conditions on 111© 
100% acid surface or cdUis an collagen L 

la the final experiments, fiwUier steps were taken to exclilde samm contamination 
from fibroblast cultures by irradiating fibroblasts in serum-ftee media and then 
raaintaiuing fhem with the fceratinooytes, serum free .ftar the entirety of the 
.experimCTcL Whea bolh cells wej:e combined stuxim free on the 100% acrylic add 
surface then DNA vahies equivalait to that seen in the presence of serum were 
achieved at day four and day six (Figure 9 A, B). When keratinocytes were cultured 
on 100% acrylic acid or on collagen I in the presence of serum, the addition of a 
fibroblast feeder layer made little difference; in contrast howevw in. the absence of 
serum, where ketatinooytes on 100% acrylic acid performed relatively poorly, the 
additilon of a fibroblast feeder layer dramatioaUy improved IcBraCnocyte prolifetation 
(as also illnstfated in Figures 7 A, B). Comparing the results at day 4 with those at 
day 6 (Figures 9 A» B), it is clear that cultures continued to proliferate. Similar results 
were obtained whedier cells were oultuxed in Greeaa's media serum free ot in GibcO 
senun &oe media. 

The purpose of this study was to develop a surface for culture and transfer of 
k«catmocytes which could be tiBftd clinically and which ini^t have advantages over 
ottiet ^pioaohos for deliveritxg keradnocytes to patients* wounds. Of the 
methodologieB cucrently available, expansion of keratinooytes on a lethally iiradiated 
layor of mouse fibroblasts and then detaching these cells as an integrated sheet of 
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Qdlls using Uypsin is tbfe currant "gold Btandarf" (RheiDwald and Ghreeu [1]). This 
merttod has be^m in. use sinee the early 1980s jund baa been used in the treatmenl: of 
patifiats wfli extepflive sidn loss due to bums injuries in Europe and the USA. 
Unfortunately, its aokaowledged mat the oKnical 'takef of these cultured skin grafts 

5 is gsaexally less than 50% overall [2^]. This may be due to a combinalion of fectoiB.. 
including the condition of the patient's -wOTjud bed. Hwaver, there aye two issues of 
oeU culture which no doubt contribute to this poor take - one is Uiat cells are 
detached enzymically and this can cause damage to tbe cell sur&ce receptore 
(Jntegrins) wWch keiatinocytes requite for adhesiott to the The second 

10 issue is that in oider to forro an integrated sheet of cells ajipropriate ft>T attachment, 
cells ate cultured until they ar« weD advanced in tenns of differentiation. Such cells 
aie less likely to perfbiin well on a -wwund bed. It was against Uris badcgtound, ihat 
' • we developed a plasma polymer aurfece for the culture of karatinocytes and transfer 
• of cells to wound bed, which avoided the need to use trypsin to detach the cells and 

lb which did not require cells to form a confluesftt sheet. 

■' The current study sedcs to develop this work further by introducing a fibtoblast 
feeder layer to aid the expansion of fc^atinooytes on this surface, to help maintain 
keratinocytes in a proliferative phenotype and, as part of this approach, to explore flie 
20 ■ possibility of developing a culture system that could be serum free. 

The main findings of this study are that it is possible to get as rapid an expansion of 
keratinocytes on a lOW plasma polymer surface containing 9.2% COOH/R groups 
undsr senim free conditions if a feeder layer of fibroblasts is present as can be 
25 obtained by the cuncnt "gold standard" method of culturing cells on iiradiated inoua© 
fibroblasts mth foetal csflf serum present. Cells can be cultured succesBfblly on a 
surfece coated with colleen I and have indeed been used clinically, however, sources 
ofcoUagen I are usually bovine conagen [4]. A concern throughoirfc Europe currently 
is foat BSB cannot be detected by any i« vitro tests and therefore it is impossible to 
30 be confident that bovine material is BSE fi^ee unless it comes Bxmi herds that have 
never been exposed to BSE. While thia is not viewed as a major concern in the US, 
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BuiopBaxL xegulatory authorities woiild pdrefer that cells that are cultuied for clinical 
use avoid the use of bovixJLe^ and indwd other animal-derived prod\U/t6> to reduce tibie 
risk of disease transmission, Thus, a 'holy grail' of cell culture for clinical use is to 
develop an entirely defined culture system, Tlie work presented in this study is an 
S important sbe^ towards that goal. 

We shall first of all discuss the natisre of the surface and then the bdiaviour of the, 
cells on the sor&ce. Plaana polymedsation of acrylic acid and oct-l,7-diene 
produced a "mde range of plasma polymers with vaiyiog concentrations of oaifeoxyl 

10 /carboxylate groups (COOH/R). The XPS data showed a linear relationship between 
the O/C ratio and the fraction of acrylic add in the monomer feed. Contact angle 
measuiement results illustrated the unstable nature of the 2W plasma polymer iEibns 
and their susceptibility to peel away fixsm the glass slide following submersion in 
distilled water. A previous study from this group demonstrated this problem with low 

15 power films and overcame it by incoiporatijag of octa-l^V-diene into the monomer 
feed, providing cro$5-lin3dng with the acrylic acid end improving the stability of the 
surface [16]* Alternatively, by increasing fixe power to lOW it was possible to 
improve the stability of the surface as illiwitrated by Figure 2 and this option was 
chosen for these studies. A downside to employing a higher power was the itx«reased 

20 fragmentation of the jjjonomer resulting in a greater range of oxygew-cafbon 
fimctionalitlesss, making it more diMcult to ascribe the exact percentage of acid groups 
present 

HuxTOan dermal fibroblasts were initially successfully cultured on acrylic acid and 
25 allyl amine based plasma polymer sur&ces with FCS in the medi^. Without serum 
the fibroblasts wete unable to proliferate^ this was evident after 72 hours of culture. 
Throu^out the experim^, the 100% octadiene surface acted as a negative control, 
indicating the significance of i^e surface cheoustry of both the acrylic acid and allyl 
amitxe surfaces in providing attachment for the human dermal fibroblast oeU$. 
30 Gmsser et al have noted Ihe aJSinily of negatively charged proteins to the positive 
charge provided by protonated amine groups (amide groups) at phyriological pH 7 A 
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[21]. Alfhoagh thesce is no reported "work on the culture of human den»aj fibroblast 
ceUs on aoiyiio arid based plasma pol>waer aurfaces, maay studies have noted that 
fibioblasts spread on a wide range of higher suifece energy surfaces 23]. The 
MIT and DNA results for the culture of human dennal fibroblasts on lOW sux&cea 

5 support both of <hese statements. Good cell attachraent was witnessed on the 100% 
aciyKo aoid surface ait lOW, oOfltaimng 9.2% COOH/K. groups but good attachment 
was also seea on lower percentage actjdic acid surfaces as well, containing less than 
9,2% COOH/R groups and Ihe pure aUjd amine surface. The advancing and receding 
eontaot angle measurements, monitoring the stability of fkas surfece to dissotation 

10 ftalher emphasised &e suitability of these lOW plasma polymers fiw ceU culture 
i^lic^ticns. ' 

The attachment of human epidermal keratinocytes to plasma polymer surges was 
clearly best Ott the 100% acrylic acid surfiaco fabricated at lOW. An increase in the 

IS amount of acrylic acid in the plasma polymer led to an morease in proliferation of 
keratinocytes. Cell attachment to this surface was comparable to the cell attachment 
■ to collagen I, a well-estabhshed substratum material for culturing keratinocytes. The 
petfonnance of tine keratinocytes serum-free was better than lie fibroblasts, but it is 
important to note the higher initial cell density employed in this experiment (3 .8x 1 0^ 

20 oells/ml) compared to fibroblasts cell density of 7x10^ cells/mL This was to account 
and compaosate fbr the high percentage of already dLgerentiated keratinocytes, which 
occur- foUowing isolation of the fireshly isolated keratinocytes from the 
epidermal/dermal junction. Prefvious studies examining cellular attachment to pla^a 
polymer surfeoes have noted optimal keratinocyte attachment on 2W pure acryKc 

25 acid anifeoes, contaiiung 2.3% carboxylio acid groups. Due to the greater degree of 
fragmentation of Ifae monomer in the plasma at lOW (c.£ 2W), the relative 
contribution of acid to the COOH/R peaks is unknown but certainly leas than 100% 
not unreasonable to assume that < 50% of COOH/R is caiboxyl i<A.6%y [19]. 

30 Co-culture of Watinocytes with fibroblasts clearly Uhistrated (he benefit of an 
iiradiated human dermal fibroblast layer in enhanciog the performance of the 

26 
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keratinocyte ia the absesnpe of senim- When uxadiated jabroblasts and keratinocytes 
co-ciiltured with serum the contributiDn of the fibroblast to kerati&ocyte 
proliferation was marginal compared to their contribution in serum fic© data. H 
appears that the feeder layer provides all the necessaiy growth factors and 
5 extracellular matrix proteins sufadent to support swum ftee keratinocyte grot<rtJi. 
' This supports and exteoads the obseafvation initially reported by Kheinvrald and Green 
tifiing a 3T3 cell line under serum contaixung conditions [1]. 

The major benefit in avoiding the use of serum cuirsntly lies in avoiding problems 
10 associated with detecting BSE. For this reason we used human rather than mouse 
fibroblasts in tihis study. Qn this study human fibroblasts were initially expauded in 
media with sera and then cultured undeir serum-fiee conditions. For clinical use it 
will be necessary to expand fibroblasts' firom the initial patient biopsy usin^ eerum- 
free defined media containing recombinant mitogens). In considering how cells 
15 attach to a BUxface it was interesting to note that both fibroblast and keratinocytes 
• attached- successflilly to the lOW plasma polymer surface under serum j&ee 
conditions (although tteither proliferate well in the absence of serom). Attachment of 
ceDs could be occurring directly to the surEace or throng a protein layer attached to . 
the surface [9]- When serum iS' present the protein coating the surface will be serum 
20 derived; in its absence the cells tiljemselves may secrete the proteins. A typical 
example is fibroblasts, which secret© large amounts of fibronectin in cnJture (as 
outlined in Ralston e£ at [7]). Sexum in contrast contains both adhesive (fibronectto . 
and vitronectin) and anti-adhesive proteins (e.g. vety large amounts of albumin). 
Serum also contains a range of platelet-derived mitogens such as platelet-derived 
25 growth actor (HDGIO, epidennal growth factor (ECJF) and transforming growth 
fiactor (TQF-P) which all stimulate cell ptoliferation [25]. It is because of these 
mitogens that serum is extensively used in cell cultvjre. In producing defined media 
recombinant mitogens are used. 

> 

30 The aim of this study was to develop improved methodology for the expansion and 
transfer of mammalian cells, in the example^ keratinocytes, for clinical wound 
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healing. We soiLgb* to oaJture cells on a surfeoo a^ypropriste for cell deUvery to 
wound teds while improving the rate of keratinooyte eocpansion and devdopjng a 
culture system which did iwit require the use of xcnohioiic materials. The ^proach 
w© took was to culture keradnooytes on a plasma-polymerised copolymer jntroduomg 
5 growti arrested human dennal fibroblafits as a source of mitogens for keratinocyte 
expansion. Tlmta. copolymers of acrylic aoid/octa-l,7-diene and ally! amine were 
prepared and characterised using X-ray photoeleotron spectroscopy (XPS). Polymers 
were fabricated at 2W and lOW. lOW soifiioes proved nunc atable ttwa 2W surfaces. 
Fibroblasts attached and proliferated TValL (in the presence of foetal calf serum) on all 
10 surfeoes febricated with 30-100% acryKc flxsid in the monomer flow. In contrast, 
keratinocytea proved more selective and only attached and proKferated on soxftcea 
produced fiom 100% acrylic acid (giving a 9.2% carboxyl/caxboxylate in the plasma 
deposite) with relatively poorer attachment with the addition of octdieax© to fli© 
roondnier flow, compared to attachment to oollasen I. Attactanent of .fibroblasts and 
15 keratinocytes was not gi^atty affected by the omission of serum but serum was 
required for prolLferalion of both cells/ However, using a pure acrylic acid surface, 
febrickted at power of 10 W and a non-proliferative fibroblast feeder layer of human 
derm^ fibroblasts, rapid expansion of human k«ratlnooytes was achieved in entjidy 
serum fl«e conditions. The results obtained were as good as those obtained cultuiing 
20 keratiiiooytes and growth arrested fibroblasts on tissue ■ culture plastic or on a 
substrate of ooUasen I in the presence of serum; Thus, by combining a chemically 
defined surfeoe and growth-arrested fibroblasts, keratinocyte expansion can be 
acfaiwed nnder serum fiee conditions. This culture system offers an attractive 
approach for the culture of feeratinocytes for oliiucal use. 



2S 
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The poteaitial of setum See. co-culture of keratinocytea oto plasma polym^ is 
exciting. There Ues the opportuaily to utilise plasmar-polymers as synthetic surfaces 
capable of acting as a oeU delivery vehicle to wounds free of animal based products. 
The next stag© in developing the senim-ftee co-cujjure system for clinioal use wiU be 
to eocamine the performance of Icetatinocytes in Ihe absence and presence of 
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fibroblasts 'm transffetrmg to an m vttro wotmd bed model (as rec<aitly peafoimed 
&om our laboratory) [10]- 



Iq suramaty the cmrejit study slicrws that the addition of uradiated human fibroblaats 
5 to the culture of human epidermal keratiixocytes on a lOW plasma polymer surface 
oontaintrig 9.2% COOH/R groups allows accelerated keradnocyte proliferation imder 
serum firee conditioiiS^ 
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CLAIMS 

I . A method for Hxb culture of mammalian oells comprising the steps of: 
i) providing a cell culture vessel comprising: 
S a) mazmnalian oslls; 

b) a cell cullwe si^poxt Qoxij^nisms ft 

conqxrises a cell culture sur&ce wherein said suifaoe comprises a 
polymer of an acid monomer and attached tbeteto, Sbrobla^ 
feeder cells 

10 c) cell culture medium suSSciemt to sv^poxt the gtow12i of said 

mammalian oedls vdierein said medixun does not include segrum; 
and 

iii) providing cell culture oonditioxxs Wldolbi promote the proUfetatioxlt of 
said mammatiaa cells. 

15 

2- A method according to Claim 1 wherein said mammalian cells are humsa. 

3. A method according to Claim 1 or 2 wherein said mammalian oells ^ire 
selected from the group consisting of: epideraial ke^atinocytefi; dearmal fibioblasts; 

20 adult ddn stem cells; embiyonic stem cells; melanocytes, corneal fibroblasts, corneal 
epithelial cells, corneal stem cells; intestinal mucosa fibroblasts, intestinal mucosa 
keratinocytes^oral mucosa fibroblasts^oral mucosa keratinocytes, urethral fibroblasts 
and epithelial cells, bladder fibroblasts and epithelial ceU$, jtieuto^al gUal cell$ and 
neural cells, hepatocyte stellate cells and epithelial cells. 

25 

4. A method according to Claim 3 wherein said mammalian cells are autologoiis 
keratinocytes. 

5. A method according to any of Claims 1-4 wherdn said substrate comprises a 
30 non-porous polymer. 
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6. A metiiod aocsording to any of Claims 1-4 whex^in said eubstrate is a solid 
phase substrate. 

7. A metiiod according to any of Claims 1-4 wherein said substrata ie a pojcoua 
5 matorial. 

8. A method accoiding to Claim 7 wherea said material is a material. 

9. A method aoooiding to Claim 7 wherein said material is a non-woveto 
10 loatenal. 

10. A msQiod according to any of Claims 1-9 wheardn said cell culture surfeoe 
. comprises a polyraej comprising an acid content of at least 2%- 

15 11. A method according to any of Claims 1-10 wherein said surface cowpxises a 
polymer compiisitxg an acid content between about 2-20%- 

12, A method according to any of Clauns 1-9 wharein said surface comprises a 
• . polymer comprising an acid content greater than' 20% , 

2b 

' . 13 . 'A method according to any of Claims 1 0-12 wher^ said polymer comprises 
an aoryiio acid monomer with at least 2% acid content, 

14. A method according to Claim 13 wherein said acid content is between 2% 
25 and 10%. 

15. A method according to Claim 14 wherein said acid content is about 4-5% 
(e.g,4.S%) 

30 16. A method according to any of Claims 1-15 said polymer comprises an acid 
co-polymer. 
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17. A method according to any of Claims 1-16 wherdn said fibrobl9$t fe&d&t 
cells arenon-prolifearativa 

18. A method aocordmg to Claim 17 wherein said fibxoblaeit &edQr cells are 
rendered xion-proliferative by lowering the calcium of Ihe groivth medilun. 

19^ A method aoootding to any of Claims i-1 8 wherem aaid feeder cells are 
human fibroblasts. 

20. A xtielhod according to Claim 19 wherem said fibroblasts are d^innaLl or oral 
fibrablasts. 

21 A method accoi:ding to Claun 19 or 20 wherein said fibroblasts are 
autologous. 

22, A cell culture vessel comprising: a cell culture support <?ompd$ijxg a 
substrate wherein said substrate compriaes a cell culture surface wherein said surface 
comprises a polymer of an acid tnotiotner and attached thereto, non-prolxferative 

fibroblast feeder cells* 

23- A vessel wherein said vessel further comprises mammalian cells and cell 
culture medium which medium does not include serum. 

24, A vessel wherein said mammahan cells are selected from the group Consisting 
of: epidezmal keratinocytes; demial fibroblasts; adult skin stem cells; embryonic stem 
calls; melanocytes, corneal fibroblasts^ corneal epitheUal cells^ corneal stem o&Ha; 
Intestinal mucosa fibroblasts, intestinal mucosa keratinocytes,oral mucosa 
fibroblastSjOral mucosa ksratinocytes, urethral fibroblasts and epithelial cells, bladder 
fibroblasts and epithelial cells, neuronal glial cells and neural cells, hepatooyt© 
stellate cells and epithelial cells. 
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25. A vessel accoidin^ * to Claim 24 wheordn said jxmxsmalim cells are 
fceratiAMytes, preferably autologouB fceratinocytes. 

A method to treat a cell culture vessel compriaing title rtepa oft 
providing at least one aoid monomer source iJX a gas feed; 
creating a plasma of said acid monomer; and 

bringins into contact a cell oulture vessel witb said plasma monomer to 
provide a oeU cnlture vessel coicpiBing an ^qH polymer. 
10 

27. ' A method ajccording to Clsdm 26 wherera said acid monomer source 
comprises 30-99% acid monom^. 

28. A method according to Claim 26 wherein said acid monomer source consi8t$ 
15 of a 1 00% aoid monomer source. 

29. • A method according to Claim-iS wherein, said acid monomer source consists' 
of a 100% aciyiic acid, 

A method to treat a cell culture vessel compriaing the steps of: 

(i) providing a selected ratio of an acid contaming moiaomer and a 
hydrocarbon in a gas feed; 

(ii) creating a plasma of said mixture; 

(iii) hrijOBing into contact a cell culture vessel with said plasma xKii^chire to 
provide a cell culture surface comprising an acid co-polym^. 

31. A method according to Claim 30 wherein said plasma is created by means of 
electrical power input cot^led by means of a copper coil or bands. 



5 26. 

i> 
ii) 
iii) 
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32. A method to culture maxmnaliaA cells on a tberapeudc vehicle coxapds^os tbe 
steps o£ 

i) providing a preparation comprising; 
a) mKOxmalian cells; 
S b) a therapeutic vehicle wherein said vehicle comprises a snbstraie which 

comprises a surface whaiein said aur&ce coxoprises a polymo: of an acid 
monomer and ai-fached thereto, fibroblast feeder cells; 
o) cell culture mediimisufBciont to support the gro\vth 
cells wh^ein said m^ujn does not inycliide smmi; and 
10 ii) providing cell oultilbre conditions which promote the prohferation of said 
mammalian cells on said therapeudo vehicle. 

33. A method according to Claim 32 wherein said mammalian cells are human. 

15 34. A method according to Claim 32 or 33 wherein said mammalian cells are 
selected firom the group consisting of: epid^mal keratinocytes; dermal fibrobUsts; 
adult akin stem cells; embryonic $tem cells; melatiooytes, comeal fibroblasts, corneal 
epithelial cells, comeal stem celk; intestfcoal mucosa jSbroblasts, intestinal mucosa 
keratitxocytes,oral mucosa fibrob]aste,cral mucosa keratinocytes, urethral jSlbroblasts 

20 and epithelial cells, bladder jSbroblasts and epithelial cells, neuronal glial cells and 
neural cells, hepatocyte stellate cells and epithelial cells. 

35. A mettiod according to any of Claims 32-34 wherein said manunahan cells 
are autologous. 

25 

36. A method according to Claim 34 or 35 wherein said mammalian cells are 
kezatlttocytes* 

37. A method according to any of Claima 32- 36 wherein said fibroblast feeder 
30 cells are human. 
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38. A mefliod Aibcot^g to way of Claima 37 wherMn said fibroblast feeder cdls 
are dennd £R>roblasts or human oral fibroblasts. 

5 39. AmoQiodMcardmgtoClatni37or38 wherem said feedra- cells are 
' autologous. 
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5 Abstract 

Cell Cttlture 

The tdveatiozi lelaies to a method for culturing manunaliaoa cells -which reduces 
1 0 transfer of Tcenobiotic material to said cells. 
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Table 1: Summary of XPS results fixe plasma polymecs made fiom Acrylic wdd a»d 
OctadieBxeatlOW. 



Pexcciitagp of £mctiamiH:^ in the 
C 1b oace Isvel 



Q/C ratio C-C,0-H C-OH/B. 



C=0 



COOH/R. 



0 


0.13 


91.9. 


6.6 


1.6 




0.3 


0.12 


85.6 


8.7 


2J1 


1.5 


0.6 


0.19 


75.1 


13.1 


4.9 . 


3.5 


1.00 


0.39 


55.7 


17.4 


9.2 


9.2 



A 6 shift (at 0.7eVfrom tiie hydrocarbon) of equal magnitude to ^ caxboxylate 
has bean addfed to the peak fit. Conditioiis for polymarlsalion F„i = 2.0 sscm , 
powet =1 OW, dep6sition fiine = 20 Boiax. 




' Wre 1. Peak fitted C Is core levd of plasma polymerised a^lic a^d fdjrioaied A 
1^. A - C-G/ O-H. B = COOIDR. C = OO. D =COOKKR. E=C-COOIWL 
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TfiJ?te 2; Sammeary of XPS resulte for plasma polymers made j&om dSlyl amine at 

low. 
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'Figax^ 2: Adytoorng sad receding contact au^e measunanents on apxare acrylic acid 
surfec© fabricaied at lOW following submergeaioe in wate for 0, 1 acid 24 houre. 
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Kofure 3^ Proliferatioii of human detmal fibroblasts on plasma polyiaer ^faces aiter 
3 and 7 days of cxilture. Results shown are tiie means -h/- standard deviation of the 
mean cf tdplicate cells 
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Pigore 4: Appeaarancc of fibroblasts cultured oa 100% acrylic acid pl3OTi9. 
polymeriaed surface for 3 days -with (A) and without (B) serum, 10% foetal calf serum 
(PCS). 
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Figure 5; Attadnmeat of keratinocytes after 24 hours (A, B) and six days (Q D) to 
surfaces as shown by MTT-ESTA a^say (A, C) axid DNA assay (B^ D). All odls were 
jSreshly isolated (seeded at 3.8 xlO^ celle/inl). Residts shcroi are the means +/- 
stand^d deviation of 1iiplica(:e wells of cells. 
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Figurt ,6: The efibot of serum on fhe co-culttire of keratmocytes Qxi a fibroblast 
fcedear layer on ^ pure lOW acrylic acid snorface at day 3^ picture A with serum and 
picture B without. 
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"Figure 7: InfineaiDO of a fibroblast feeder layer on kearatitiacytB cTiltore on a lOW 
acrylic acid surface in the absence of serum. Cells are cultured wifhout senam in fho 
absence (A) or presence (B) of a fibroblast feeder layer for sevea days. Arrow X 

shows a typical differentiated cell and Y points to a region of golden unattaxshed cells. 

In B a healthy confluent sheet of cells has formed with well-defined boundaries Z, in 

the presence of a feeder layer. 
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